Developing a detailed understanding for the role of core electron excitation in liquid water under proton irradiation has become important due to the growing use of proton beams in radiation oncology. Using a first-principles, non-equilibrium simulation approach based on real-time timedependent density functional theory, we determine the electronic stopping power, the velocitydependent energy transfer rate from irradiating ions to electrons. The electronic stopping power curve agrees quantitatively over the entire velocity range for which experimental data is available. Also notably, we observe significant differences between our first-principles results and commonlyused perturbation theoretic models. Excitations of the water molecules' oxygen core electrons are a crucial factor in determining the electronic stopping power curve beyond its maximum. The core electron contribution is responsible for as much as one-third of the stopping power at the high proton velocity of 8.0 a.u. (1.6 MeV). These K-shell core electron excitations not only provide an additional channel for the energy transfer but they also significantly influence the valence electron excitation. In the excitation process, generated holes remain highly localized within a few angstroms around the irradiating proton path whereas electrons are excited away from the path. In spite of its great contribution to the electronic stopping power, the K-shell electrons play a rather minor role in terms of the excitation density: Only one percent of the hole population comprises K-shell holes, even at the high proton velocity of 8.0 a.u.. The excitation behavior revealed here is distinctly different from that of X/γ-ray photon radiation, which is the most commonly used type of ionizing radiation in radiation oncology.
Developing a detailed understanding for the role of core electron excitation in liquid water under proton irradiation has become important due to the growing use of proton beams in radiation oncology. Using a first-principles, non-equilibrium simulation approach based on real-time timedependent density functional theory, we determine the electronic stopping power, the velocitydependent energy transfer rate from irradiating ions to electrons. The electronic stopping power curve agrees quantitatively over the entire velocity range for which experimental data is available. Also notably, we observe significant differences between our first-principles results and commonlyused perturbation theoretic models. Excitations of the water molecules' oxygen core electrons are a crucial factor in determining the electronic stopping power curve beyond its maximum. The core electron contribution is responsible for as much as one-third of the stopping power at the high proton velocity of 8.0 a.u. (1.6 MeV). These K-shell core electron excitations not only provide an additional channel for the energy transfer but they also significantly influence the valence electron excitation. In the excitation process, generated holes remain highly localized within a few angstroms around the irradiating proton path whereas electrons are excited away from the path. In spite of its great contribution to the electronic stopping power, the K-shell electrons play a rather minor role in terms of the excitation density: Only one percent of the hole population comprises K-shell holes, even at the high proton velocity of 8.0 a.u.. The excitation behavior revealed here is distinctly different from that of X/γ-ray photon radiation, which is the most commonly used type of ionizing radiation in radiation oncology.
When a highly energetic ion travels through and interacts with matter, its kinetic energy is transferred into the target material's electronic and nuclear subsystems. This energy loss of the projectile ion can arise from both elastic collisions with nuclei (nuclear stopping) and inelastic scattering events (electronic stopping). When the particle's kinetic energy is sufficiently large (on the order of ~10 keV per nucleon), the major contribution to the energy transfer comprises electronic stopping wherein the projectile particle induces massive electronic excitations in the target material. This electronic stopping phenomenon is at the heart of emerging ion bean cancer therapies. The use of proton beam radiation over more conventional radiation based on X/γ-ray photons is often considered more effective because of the ion's distinct spatial energy deposition profile with a very sharp peak. [6] [7] By calibrating the initial kinetic energy of the protons, this energy deposition peak can be tuned to coincide with the location of the tumour. This energy deposition profile is largely determined by electronic stopping power, which measures the rate of energy transfer from the charged particle to electrons in matter per unit distance of the energetic ion's movement. [8] [9] [10] [11] [12] The stopping power is a continuous function of the particle velocity, and the velocities near the maximum of the stopping power are responsible for the formation of the sharp energy deposition peak for ions like protons. Because liquid water makes up the majority of matter in human cells, various models for the electronic stopping power in liquid water have been developed over the years [3] [4] [13] [14] [15] [16] [17] [18] [19] including our earlier first-principles model [20] [21] . At the same time, only limited experimental measurements exist near the stopping power maximum, and various theoretical models are currently used with empirically fitted parameters. Furthermore, unraveling the details of the excitation behavior in the electronic stopping process has become important. Proton radiation is generally considered as being similar to other types of ionizing radiation like X/γray photons that predominantly excite core electrons. However, the extent to which proton radiation excites valence and core electrons is not understood. Indeed, this is complicated by the fact that the ratio of valence to core electron excitations has a dependence on the irradiating proton velocity. In medicine, a simple empirical correction is often used to take into account differences between the proton radiation and X-ray photon radiation in oncology, but many now call for a better mechanistic understanding of the radiation at the molecular level 22 . In this Letter, we discuss the role of K-shell core electron excitations in liquid water under proton irradiation by accurately determining the electronic stopping power and the excitation dynamics details from first principles.
We apply our recently developed non-equilibrium dynamics simulations approach based on real-time timedependent density functional theory (RT-TDDFT) [20] [21] [23] [24] [25] [26] to simulate the non-perturbative response of the electronic system to a fast-moving projectile proton. In this approach, the electronic stopping power can be obtained from the rate of electronic energy change at different projectile proton velocities 24, 27 . We use our implementation of RT-TDDFT based on a planewavepseudopotential (PW-PP) formalism 23, 28 in the Qbox/Qb@ll code [29] [30] . Simulating the 1s core (i.e. Kshell) electron excitations of oxygen atoms in this study requires us to go beyond several standard approximations typically used in the PW-PP formalism. The oxygen and hydrogen atoms in liquid water are described by allelectron pseudopotentials of the optimized Norm-Conserving Vanderbilt type [31] [32] , for which multiple projectors are used for the explicit treatment of the 1s electrons of oxygen atoms in the simulation. The validity of the all-electron pseudopotentials was checked by calculating the core-level excitation spectrum of a single water molecule as discussed in the Supplemental Material. Unlike previous RT-TDDFT studies of electronic stopping in which pseudopotentials are used for the projectile proton 20-21 , here we use a bare Coulomb potential for the proton because an accurate description of the K-shell core excitations requires it, especially for large proton velocities (see Supplemental Material for details). Consequently, the use of a planewave kinetic energy cutoff of up to 250 Ry for the Kohn-Sham wavefunctions was required, and an extrapolation was used for calculating the stopping power at high velocities (see Supplemental Material for details). We employed the PBE GGA approximation 33 for the exchange-correlation potential because we found that the use of the more advanced SCAN meta-GGA does not change the results [34] [35] [36] (Supplemental Material Fig. S6 ). The liquid water structure was generated by taking a snapshot after preforming a 10 ns classical molecular dynamics simulation at 300K with SPC/E force field 37 . A 8Å × 8Å × 17.73Å simulation cell contains 38 water molecules with periodic boundary conditions, and the projectile proton travels in the +z direction. This simulation was compared to that involving a larger cell with 170 water molecules (12Å × 12Å × 35.45Å), and no appreciable finite size errors were found. In order to determine electronic stopping power accurately using the nonequilibrium simulation approach, an ensemble average of projectile proton trajectories is required 26 . To satisfy this requirement, 64 proton projectile trajectories (paths) were sampled evenly on a grid dividing the cross section of the xy simulation cell plane. In total, 64 independent RT-TDDFT simulations were performed for each velocity. The convergence of this sampling was confirmed by comparing to a more extensive sampling including 256 paths. Albeit computationally expensive, this trajectory sampling ensures that the ensemble average contains projectile proton trajectories that cover a wide range of impact parameters with respect to the atoms in the target material, which is especially important when core electrons are excited 26, 38 . The error bars in the stopping power reported are the standard error of the mean calculated based on these 64 paths. These technical, but important, details are discussed in more detail in the Supplemental Material.
The calculated stopping power as a function of the proton velocity ranging from 0.5 to 8 a.u. (6.2 keV to 1.6 MeV kinetic energy range) is compared to the available experimental stopping power data points 1-2 and to the socalled SRIM 3 model in Figure 1 . The SRIM model is based on extending the Lindhard-Scharff-Schiott theory 39 with inputs from available experiments, and it is widely used as a standard reference. Though there is no reported experimental data for velocities less than 3.5 a.u. for liquid water, and the SRIM result relies on existing experimental data of solid water (ice) to estimate the stopping power of liquid water, our first-principles result is in excellent agreement with these two references. The peak of the calculated stopping power (i.e. the Bragg peak) is at v=1.73 a.u., and our calculated stopping power of 0.165±0.010 a.u. agrees well with the SRIM model which shows the Bragg peak at v=1.72 a.u. and stopping power of 0.165 a.u. at this velocity. For comparison we also show the seminal Bethe model 5 with mean excitation energy of I=78eV as suggested by the International Commission on Radiation Units and Measurement 13 and one of the most recent models by Emfietzoglou and coworkers 4, 14-15 based on perturbation theory. For the Bethe model, the Bragg peak lies around v=1.98 a.u. with a corresponding stopping power of 0.160 a.u.. As widely recognized, the Bethe model significantly underestimates the stopping power for low projectile velocities, and it does not obey the correct linear dependence around zero velocity 21, 25 . At the same time, the Bethe model is remarkable in that the model correctly captures the stopping power behavior for the large projectile velocities beyond the peak velocity with only a single parameter to account for the target material, the mean excitation energy. The Emfietzoglou model goes beyond the Bethe model, and it tends to the correct limits in both low and high velocities. However, Emfietzoglou's model shows the Bragg peak at around v=1.80 a.u. with the stopping power of 0.130 a.u., which significantly underestimates the magnitude of the electronic stopping power with respect to our first-principles result.
Having established that there is excellent agreement with the available experimental data and also to the empirical SRIM model, we are well-positioned to analyze our first-principles simulation to address some important questions regarding the electronic stopping of protons in liquid water. One of the most pressing challenges is to elucidate the importance of the K-shell core electron excitations. Widely used in radiation oncology, X/γ-ray radiation predominantly excites deep core electrons. However, many models have suggested that proton radiation does not excite K-shell core electrons, at least not near the Bragg peak 15 . In recent years, differences between X/γ-ray and proton radiation have been examined more carefully in the radiation therapy literature 22 . However, our mechanistic understanding of proton radiation is significantly limited, even for such an important biological material like liquid water.
Here, we examine the extent to which the K-shell core electron excitations play a role in the electronic stopping of protons in liquid water. In the literature, a separate Kshell contribution to stopping power is often used, as in Emfietzoglou's model 4 . However, in addition to providing an extra channel for the energy transfer from the projectile proton, electronic excitations of K-shell core electrons influence the valence electron excitations. Therefore, it is not possible to rigorously separate out the electronic stopping power in terms of contributions from the valence electrons and core electrons in our firstprinciples simulations. We quantify here how much the stopping power is affected by the presence of the K-shell core electrons through calculating the stopping power from the simulation with and without the core electrons Figure 2 (top) shows that the valence electron stopping contribution indeed accounts for >99% of the stopping power for velocities less than 1.5 a.u. However, for the velocities larger than 1.5 a.u., the K-shell contribution starts to increase, from 0.002 a.u. (2% total stopping power) at v=1.93 a.u. to 0.012 a.u. (25% total stopping power) at v=6.27 a.u.. For the highest velocity we investigated, 8.0 a.u., the stopping power is 28% higher when the core electrons are explicitly included. This observation deviates significantly from the estimated Kshell electron contribution of the Emfietzoglou model, in which the K-shell contribution starts to become important only at much greater velocities of > 3.5 a.u. (Figure  2(Bottom) ). The Emfietzoglou model predicts that K-shell core electron stopping is responsible for less than 10% of the stopping power even at v=8.0 a.u..
As noted above, K-shell core electron excitations not only provide an extra channel for the energy transfer, but they also influence valence electron excitations. In the related context of X-ray absorption, the dependence of valence electron excitations on the core electron excitations/ionizations is widely recognized and is often referred to as the "shake-up" effect 40 . To quantify such an effect in the electronic stopping, we calculated the average expectation value of the Kohn-Sham (KS) Hamiltonian for all the valence electron wavefunctions, ! | !" | ! | , in the simulations with and without the core electrons. Figure 3 shows this average expectation value along a representative projectile proton trajectory. This single-particle energy associated with the valence electron excitation is 30% higher when core electrons are present at the proton velocity of 8.0 a.u. while it is essentially unchanged (-2%) for the peak velocity of 1.93 a.u.. Near the Bragg peak, core electron excitations have a negligible effect on valence excitations, as expected from the stopping power curve (Figure 2) . But, K-shell core electron excitations have significant influence on the valence electron excitations at high velocities, as in the shake-up effect under X-ray absorption. While having a separate correction for core electron excitation would be convenient in modeling 4, 26 , it is not possible to decompose this intricate effect straightforwardly.
Having examined the contribution of K-shell core electron excitations in electronic stopping power, we now turn our attention to the spatial characteristics of the excited carriers in the electronic stopping process. The Time-dependent Kohn-Sham (KS) wavefunctions can be projected onto the KS eigenstates of the equilibrium electrons to quantify the excited carriers [20] [21] . The projections on occupied and unoccupied eigenstates are used to calculate the hole and excited electron populations, respectively. All the occupied eigenstates and the unoccupied eigenstates up to 80 eV above the conduction band minimum are included in the projection, and the states covered in this energy range account for greater than 95% of the total excited electrons. At the peak velocity of v=1.93 a.u. (Bragg peak), the average number of holes per water molecule is 0.0846, and only 0.004% (3×10 -6 holes) are generated in the K-shell. At v=8.0 a.u, the average number of holes is significantly smaller, 0.0108, but 1% (1×10 -4 holes) of the holes are generated in the K-shell. Figure 4 shows the spatial distribution of the excited electrons and holes at v=8.0 a.u., as a function of the distance from each projectile proton path, averaged over all the projectile paths. A full width at half maximum (FWHM) of the distribution for the core holes is 0.40 Å, while a noticeably broader FWHM of 2.38 Å is observed for the hole distribution in the valence band states. The valence hole distribution shows two notable features: a largely localized region that corresponds to individual water molecules along the path and the distribution tail that derives from neighboring water molecules. This tail component gives the valence hole distribution an appreciable magnitude even at distances larger than 5 Å. On the other hand, the excited electron distribution is not very localized along the proton projectile path as shown in Figure 4 , and the excited electron distribution decreases only by ~10% even at 5 Å away from the path. This indeed suggests that ionization of water molecules takes place along the projectile ion path in the electronic stopping process, consistent with our earlier finding 20 and also with the established designation of proton radiation as ionizing radiation. However, the detailed characteristic of the ionization behavior is distinctively different from that of X/γ-ray photon radiation which predominantly induces K-shell ionization 41 . The contribution of core electron excitations from the K-shell is significant for electronic stopping power at large velocities because of their great excitation energy, even though only a small proportion of the excited electrons are excited from the 1s core states. Developing a detailed understanding of the role of core electron excitations in liquid water under proton irradiation has become important largely due to the growing use of proton radiation in oncology. Using nonequilibrium simulations based on real-time timedependent density functional theory, we accurately determined the electronic stopping power for protons in water from first principles, particularly focusing on the role of core electrons. The first-principles predicted stopping power shows significant differences to commonly-used perturbation theoretic models, such as the Bethe and Emfietzoglou models [4] [5] 17 . The electronic excitations of water molecules' oxygen atom core electrons (K-shell) were found to be crucial in determining the electronic stopping power curve beyond its maximum, being responsible for as much as one-third of the stopping power at the large proton velocity of 8.0 a.u. (1.6 MeV). The core electron excitation significantly influences the valence electron excitation, in addition to providing an additional channel for the energy transfer, similar to the "shake-up" effect often discussed in the context of X-ray irradiation 40 . In the excitation process, the generated holes remain highly localized within a few angstroms around the irradiating proton path while electrons are excited away from the path, showing the ionizing radiation behavior. In spite of its importance in determining the stopping power, the K-shell plays a rather minor role in terms of the excitation density; only one percent of the holes is generated in the K-shell even at the large velocity of 8.0 a.u.. Our work here revealed that the excitation behavior of proton radiation is distinctly different from that of X/γray photon radiation, which is traditionally the type of ionizing radiation used in radiation oncology. The conventional view has it that induced K-shell holes undergo Auger decay, creating less energetic holes in other chemical moieties 41 . In the case of proton irradiation, only a very small fraction of the holes are generated in the K-shell, even for the rather large velocity of 8 a.u. (kinetic energy of 1.6 MeV). While both X/γ-ray and proton radiations are both considered to be ionizing radiation and are usually treated on the same footing 22 , our work revealed that the nature of excitation/ionization behaviors involved are distinctly different. 
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Computational Details
Planewave expansion and projectile proton
An importance aspect of the accurate calculation of liquid water electronic stopping power for large velocities is the treatment of the proton projectile as a bare Coulomb potential. The bare Coulomb potential is significantly different than the pseudopotential, especially in the core region, leading to differences in electronic stopping power for large velocities. In Figure S1 , the real-time time-dependent density functional theory (RT-TDDFT)-calculated stopping power data for v=8.0 a.u. is shown. When only valence electrons are explicitly treated using pseudopotentials for liquid water atoms and pseudopotential is used also for the projectile proton, the electronic stopping power is 0.025 a.u.. When all the electrons are explicitly treated using pseudopotentials for liquid water atoms and pseudopotential is used also for the projectile proton, the electronic stopping power is 0.028 a.u.. For this case, very large planewave energy cutoff of 200 Ry is required to achieve the convergence. If all the electrons are explicitly treated using pseudopotentials for liquid water atoms and the projectile proton is represented exactly by using the bare Coulomb potential, the calculated stopping power is 0.035 a.u.. With the bare Coulomb potential proton projectile, the K-shell contribution to the stopping power is 3.5 times higher than the K-shell contribution calculated with the pseudopotential proton projectile. Figure S1 : Convergence of the stopping power at the velocity of 8.0 a.u.. AE Coulomb -All-electron calculation with bare Coulomb potential for the proton projectile, AE PP -All-electron calculation with pseudopotential for the proton projectile, VEO PP -Valence-electron only calculation with pseudopotential for the proton projectile. The planewave cutoff extrapolation (in green) was performed with the formula of A*exp(-B)+C.
By projecting the time-dependent Kohn-Sham (TDKS) wavefunctions onto the ground state KS eigenfunctions, we acquire hole and excited electron distributions. As shown in Figure S2 , with a proton projectile approximated by the pseudopotential, the hole population density of the K-shell is a small and smooth distribution. However, with the proton projectile represented by the Coulomb potential, the hole population for the K-shell is much larger and sharper. Figure S5 . The stopping power curve calculated using simulation cell sizes of 8x8x17.73Å and of 12x12x35.45Å with the periodic boundary conditions. Valence-electron only simulation and the proton projectile was modeled using the pseudopotential for this test. Figure S6 : The stopping power curves calculated using the SCAN meta-GGA XC approximation and PBE GGA XC approximation. Valence-electron only simulation and the proton projectile was modeled using the pseudopotential for this test. 
Simulation Cell Size
Exchange Correlation (XC) Approximation Dependence: PBE GGA vs. SCAN meta-GGA
Optical Excitation from 1s K-Shell of water molecule
Because the plane-wave pseudopotential (PW-PP) formalism is generally not used for describing core electrons, we assess the level of accuracy it can provide for modeling 1s K-shell optical excitation. The multi-projector approach by Hamann 1 , enable us to include the 1s electron in the calculation as discussed in the main text. Using the RT-TDDFT simulation with the all-electron (AE) pseudopotential formalism, one is able to model the K-edge excitation from 1s electron of oxygen atoms in a water molecule while the valence-electron only (VEO) pseudopotential expectedly does not show the corresponding optical excitation. The K-edge of the absorption spectrum is in a good agreement with the experimental measurement. Figure S7 . Single water molecule RT-TDDFT abs. spectrum. The Kshell core excitation peak compared to the X-ray absorption spectrum 2 .
Excitation Density
Corresponding Figure 4 for the velocity of 1.93 a.u. (Bragg peak) is shown in comparison. The logarithmic scale is necessary for the v=1.93 a.u. because of its extremely small contribution to the hole density from the 1s K-shell of the oxygen atoms in water molecules. Figure S8 . Ensemble-averaged distribution of holes and excited electrons as a function of the distance to the projectile proton path for the velocities of 1.93 (Bragg Peak) and 8.0 a.u., the plot is made symmetric as a guide to the eye. The exponential plot is shown in the bottom to reveal the small contribution to the hole from the oxygen 1s K-shell. 
Liquid water structure and the representative projectile path for Figure 3
